The MIR160 family in Gossypium hirsutum and G. barbadense was characterized, and miR160a_A05 was found to increase cotton-fiber length by downregulating its target gene (ARF17) and several GH3 genes.
Introduction
Cotton fiber is the most important source material for the textile industry and is an ideal model system for cell elongation studies (Kim and Triplett 2001) . Fiber length (FL), an important index of fiber quality, is determined from fiber-cell initialization to 21-26 days post-anthesis (DPA) (Lee et al. 2007 ). Several genes have been shown to affect fiber-cell development, including K + transporters (Ruan et al. 2004) , sucrose-encoding genes (Ruan et al. 2001) , and reactive oxygen species-regulated Ca 2+ signaling and the vacuolar (H + )-ATPase (Qin and Zhu 2011) . In addition, phytohormones such as auxin (Beasley and Ting 1974; Shindy and Smith 1975; Zhang et al. 2011) , gibberellin (Beasley and Ting 1974; Gokani and Thaker 2002; Zhang et al. 2011) , ethylene (Shi et al. 2006 ), brassinosteroid (Sun et al. 2004 Shi et al. 2006) , and cytokinins (Beasley and Ting 1974; Shindy and Smith 1975) play important roles in fiber development. Indole-3-acetic acid (IAA), which is considered the most important auxin, is associated with fiber initiation (Zhang et al. 2011 ) and elongation (Shindy and Smith 1975) . IAA affects fiber-cell elongation in cotton ovules in vitro (Beasley and Ting 1974) , and IAA and related auxin metabolites are found in eight DPA fibers (Guinn and Brummett 1988) .
Certain microRNAs (miRNAs), a type of small RNA, have also been shown to regulate fiber development ). Such miRNAs have been identified based on sequencing from developing fibers of wild-type and mutant strains, including upland cotton Xuzhou 142 and its fuzzless/lintless mutant (Kwak et al. 2009; Li et al. 2012) , TM-1 and its lintless mutant (Pang et al. 2009 ), CRI35 (Xue et al. 2013) , the short-fiber mutants Li1 and Li2 (Naoumkina et al. 2016) , and Pima 3-79 (Liu et al. 2014; Hu et al. 2015) . However, only a few studies have focused on the specific function of these miRNAs in cotton. For example, the miRNAs miR828 and miR858 have been shown to regulate MYB2 and affect fiber initiation (Guan et al. 2014) , and miR157 affects FL by regulating SQUAMOSA promoter-binding protein-like (SPL) genes . A high level of miR160 leads to defects in embryonic, root, vegetative, and floral development in Arabidopsis by regulating auxin response factor (ARF) genes (Mallory et al. 2005; Wang et al. 2005; Wu et al. 2006) and results in narrow leaflet blades, sepals, and petals and abnormally shaped fruit in Solanum lycopersicum (Hendelman et al. 2012) . In cotton, miR160 regulates anther indehiscence under high-temperature conditions (Ding et al. 2017) , but a relationship between miR160 and fiber development has not been reported.
This study analyzed the MIR160 family in G. hirsutum and G. barbadense. In our previous studies, a backcross inbred line (BIL) population was generated from G. hirsutum and G. barbadense and used to detect FL quantitative trait loci (QTL) (Yu et al. 2013) . Two BILs with significantly altered FL were selected here for comparative small-RNA transcriptome analysis, and MIR160a_A05 was found to colocalize with an FL QTL on chromosome A05 in the BIL population . Based on bioinformatics and quantitative reverse transcription-PCR (qRT-PCR), a comparative analysis was conducted of miR160a and its target ARF17 in elongating fibers at 10 DPA. Virus-induced gene silencing (VIGS) was then used to validate the effect of miR160a on FL. The miR160a was identified as a candidate miRNA for determining FL in two interspecific BILs by regulating differential expression of its target gene during the fiber-elongation stage.
Materials and methods

Plant materials
Two BILs ("Long" and "Short") with significantly altered FL were chosen from a previously constructed population of 146 progeny lines (Yu et al. 2013 ) to identify FL-related genes ) and miRNAs ). The two BILs and their parent lines (G. hirsutum SG747 and G. barbadense Giza 75) were grown on an experimental farm at the Institute of Cotton Research, Chinese Academy of Agricultural Sciences, Anyang, Henan, China, in 2014. Each line was planted in three biological replicates with 20 plants per replicate. For the two BILs, developing ovules at 0 and 3 DPA and fibers at 5, 10, 15, 20, and 25 DPA were collected from each replicate during the early morning. For the parent lines, developing ovules at 0 DPA and fibers at 5, 10, 15, and 20 DPA were collected from each replicate during the early morning. All collected ovules and fibers were stored at − 80 °C.
Identification of MIR160 family members
The mature miR160 sequences identified in our previous study were first mapped onto the genome of Upland cotton TM-1 and G. barbadense 3-79 with no more than two mismatches Wang et al. 2019 ).
Mireap_0.2 (http://sourc eforg e.net/proje cts/mirea p) was then used to predict whether the miRNA precursor sequences could form hairpin structures as described by Meyers et al. (2008) . Alignment and phylogenetic tree construction were performed using the ClustalW and neighbor-joining methods, respectively, with Mega X software.
Based on sequences of simple-sequence repeats and miRNA precursors, 4 FL QTL identified in our previous study (Yu et al. 2013 ) and 13 FL QTL hotspots from the Cotton QTL Database (CottonQTLdb version 2.3, www.cotto nqtld b.org) reported by Said et al. (2015) were first mapped onto the sequenced TM-1 genome by performing a BLASTN search. The identified MIR160 genes were then localized on the TM-1 genome to identify the colocalized MIR160 genes.
qRT-PCR of mature miRNAs, pri-miRNAs, and target gene
Total RNA and miRNAs from 0 and 3 DPA ovules and 5-25 DPA fibers were extracted using the Spectrum Plant Total RNA kit (Sigma) and mirPremier microRNA Isolation kit (Sigma), respectively. Expression levels of the miRNA and its targets in each biological replicate were measured by qRT-PCR using three technological replicates. To measure the level of mature miR160, the TaqMan ® MicroRNA Reverse Transcription kit (Applied Biosystems) was used for stem-loop RT-PCR. The reaction was performed at 16 °C for 30 min, followed by 42 °C for 30 min and 85 °C for 5 min. The PrimeScript™ RT Reagent kit (Takara) was used to perform RT-PCR of the target gene and the primary miR160 (pri-miR160). Reverse transcription of the target gene was performed at 37 °C for 30 min and 85 °C for 5 s. The One-
Step SYBR Primer Script PLUS RT-PCR kit (Takara) was used for qRT-PCR of mature miR160, pri-miR160, and the target gene. The reaction was performed at 95 °C for 2 min, followed by 40 cycles of 95 °C for 5 s, 56 °C for 30 s, and 72 °C for 20 s.
In the qRT-PCR reactions, the cotton U6 snRNA was used as the internal control for miRNA and pri-miRNAs, whereas His3 (i.e., histone 3) served as the internal control for the target. Relative expression was measured using the 2 −ΔΔCt method; the expression level in "Long" or Giza 75 was selected as the reference sample (with a relative expression of 1.0). Primers are listed in Table S1 .
Analysis of sequencing data
Sequencing reads from small RNAs, the degradome, and the transcriptome were produced using an Illumina HiSeq 2000 sequencer at BGI (Shenzhen, China). Small-RNA sequencing data from 10 DPA fibers from "Long" and "Short" were deposited in the National Center for Biotechnology Information (NCBI) with accession number SRX743622. Using SOAP2, the clean reads were mapped onto the mature sequence of miR160 family members with no mismatch and no reverse complementation (Li et al. 2009 ). Expression was normalized by the tags per million method. Similarly, transcriptome sequencing data for the 10 DPA fibers from "Long" and "Short" were deposited in the NCBI with accession number SRP039385, and SOAP2 was again used to align clean reads to the TM-1 genome (http://cgp.genom ics.org.cn/page/speci es/index .jsp). The expression of each gene was calculated as fragments per kilobase transcriptome per million mapped reads (FPKM), and the absolute value of the log2-fold change ≥ 1 and threshold FDR ≤ 0.001 were chosen as criteria to select differentially expressed genes. To identify the group II glycoside hydrolase family 3 (GH3) members in Upland cotton, sequences from GH3.2, GH3.3, GH3.5, and GH3.6 of Arabidopsis (https ://www. arabi dopsi s.org) were aligned to Upland cotton genes using a BLASTN search with a threshold E value of 10 −10 . The Hidden Markov Model profile of the GH3 auxin-responsive promoter (PF03321) was downloaded from the Pfam database (http://pfam.xfam.org/) as the query. HMMER3.1 was used to search whether proteins contained PF03321. Expression levels of these genes were normalized by FPKM, and the pheatmap package was used to generate the heatmap.
Use of VIGS and overexpression of miR160a_A05
To perform VIGS and overexpression experiments, CLCrVbased vectors (containing pCLCrV-A and pCLCrV-B) were received from Dr. Xue-Ping Zhou's group (Gu et al. 2014) . It had already been verified that the vector could affect gene expression in developing bolls (Gu et al. 2014 ) and fibers . Moreover, it was shown that a vector constructed with a miRNA precursor could result in high expression of the mature miRNA and that a vector with an artificial small tandem target mimic (STTM) could lead to low expression of the mature miRNA (Yan et al. 2012; Gu et al. 2014) . Vector pCLCrV-A was cut by restriction enzymes SpeI and AscI. To create the miR160 overexpression vector pCLCrV-OX-miR160a, the precursor of MIR160a_A05 was amplified from total genomic DNA by PCR, verified by sequencing, and then introduced into the vector using the One-Step Cloning kit (Vazyme, Nanjing, China). For the miR160 suppression vector pCLCrV-STTM-miR160a, the STTM sequence of miR160a was designed and synthesized based on Yan et al. (2012) and then introduced into the vector using the same kit. A diagram of the vectors is shown in Fig. S1 , and the primers are listed in Table S1 .
Vectors were individually introduced into Agrobacterium tumefaciens strain LBA4404 by electroporation. Transformed Agrobacterium cells were cultured to an OD 600 of 1.5-2.0, then pelleted, resuspended in transformation buffer to an OD 600 of 1, and allowed to stand for no less than 3 h at room temperature. The transformation buffer contained 10 mM MgCl 2 , 10 mM MES, and 200 μM acetosyringone.
Upland cotton CRI 24 was selected as the virus receptor and was infiltrated based on Gu et al. (2014) and Liu et al. (2015) . Prepared Agrobacterium solutions were infiltrated through needleless syringes into cotyledons of 2-week-old cotton seedlings. A month after infection, total DNA was extracted from newly emerged true leaves of infected cotton plants, and PCR was performed to determine whether vector CLCrV was successfully inoculated into the plants to confirm that no less than 15 cotton plants were infiltrated by each vector. PCR was performed at 95 °C for 5 min, followed by 30 cycles of 95 °C for 30 s, 56 °C for 30 s, and 72 °C for 40 s. Primers are listed in Table S1 and were based on Gu et al. (2014) . Confirmed CLCrV-inoculated plants were transplanted in the greenhouse in Sanya, China, infiltrated in September 2015, and harvested in March 2016. Developing fibers of 2-3 bolls were collected from each plant at 10 DPA in the early morning and stored at − 80 °C.
Measurement of IAA by high-performance liquid chromatography (HPLC)
Free IAA was extracted from 10 DPA fibers using the modified method of Gou et al. (2010) . A total of 0.5 g fibers were homogenized in liquid nitrogen, followed by extraction of IAA with 80% methanol (v/v). The extract was evaporated, redissolved into the aqueous phase, and then purified on a Sep-Pak Plus tC18 cartridge (Waters) (Zhang et al. 2011 ) using 10 ng 13 C 6 -IAA as the internal standard. Samples were then dried and stored at − 20 °C. Each sample was redissolved in 500 μL methanol and subjected to HPLC to determine the IAA content in three technological replicates. For each sample, 20 μL was loaded onto a 5-µm C18 column (150 × 4.6 mm; Welch, Ultimate). A linear gradient with increasing methanol (solvent A) against acetonitrile (solvent B) at a flow rate of 1 mL min −1 over 30 min was used to separate IAA at 35 °C. Both solutions contained 0.02 M H 3 PO 4 . Each peak on the chromatogram was monitored at 210 nm.
Measurement of FL
To measure FL of VIGS plants, bolls having no less than 2 g lint were chosen from the middle fruiting branches of each plant, and more than ten plants infiltrated by each vector were measured. The Advanced Fiber Information System Indexes (Kelly et al. 2012 ) were taken to measure FL for each boll at the Test Centre of Cotton Fiber Quality affiliated with the Agriculture Ministry of China, Anyang, China.
Results
Identification and verification of miR160a and its target ARF17 in elongating fiber cells in two BILs
We previously sequenced miRNAs from 10 DPA fibers of "Long" and "Short" BILs . A total of 463 miRNAs were identified (380 known and 83 novel), including 47 that were differentially expressed between "Long" and "Short". Among these, miR160a colocalized with an FL QTL and a QTL hotspot that mapped in the BIL population, including the "Long" and "Short" lines, onto chromosome A05 of the sequenced TM-1 genome (Yu et al. 2013 ). In addition, a target gene (ARF17, CotAD_42076) responsive to auxin was identified and verified using degradome analysis and RNA ligase-mediated rapid amplification of the cDNA ends (RLM-RACE), to be cleaved by miR160a between nucleotides 10 and 11.
Here, a dynamic analysis of the expression of miR160a and its target ARF17 was performed in the two BILs and their parent lines (G. hirsutum SG747 and G. barbadense Giza 75) using developing cotton ovules at 0 and 3 DPA (fiber initiation) and in developing fibers at 5, 10, 15, 20, and 25 DPA. As shown in Fig. 1a , expression of miR160a remained at a low and stable level in "Short" from 0 DPA ovules to 25 DPA fibers. In contrast, its expression in "Long" was greatly increased in 5 DPA fibers, reaching its highest level in 10 DPA fibers, and then decreasing. At 15 DPA, expression was significantly higher in fibers from "Long" than in fibers from "Short". Expression of the target gene ARF17 showed the opposite trend (as indicated by the negative correlation coefficient of − 0.55). In Fig. 1b , as expected, miR160a was expressed at a higher level in the longer-fibered G. barbadense Giza 75 than in G. hirsutum SG747, whereas the target gene ARF17 was expressed at a lower level in Giza 75 than in SG747 (negative correlation coefficient − 0.83). Given that the fiber-elongation stage lasts longer in G. barbadense than in G. hirsutum (Hawkins and Serviss 1930) , it is understandable that the expression profiles of miR160a and ARF17 in "Long" and its G. barbadense parent were similar. Based on these observations, miR160a was analyzed further.
Genome-wide analysis of the MIR160 family in G. hirsutum and G. barbadense
We then analyzed the distribution of members of the MIR160 family in the sequenced genomes of G. hirsutum and G. barbadense. A total of 30 and 29 loci were identified, respectively, containing mature miR160 sequences that each had no more than two mismatches. Among these, 4 loci containing no mismatch and 19 loci containing one mismatch were identified in both G. hirsutum and G. barbadense, and 7 and 6 loci with two mismatches were identified, respectively. The stem-loop structures of the precursors were then predicted to verify whether the mature miRNA sequences located on the stem contained no more than four mismatches (Meyers et al. 2008) . From this analysis, 18 and 17 MIR160 genes belonging to the miR160 family were identified in G. hirsutum and G. barbadense, respectively. In G. hirsutum, both the At and Dt subgenomes contained 9 MIR160 family members. In G. barbadense, 8 and 9 MIR160 family members were identified in the At and Dt subgenomes, respectively.
We then compared the 35 precursor sequences of MIR160 genes in G. hirsutum and G. barbadense and divided them into nine subfamilies (Fig. 2a ). The mature miRNA at the 5′ terminus of each of miR160a, miR160b, miR160c, miR160d, and miR160e contained the same sequence (Fig. S2) . A single-nucleotide polymorphism was found at position 15 of the mature sequences in miR160f, miR160g, miR160h, and miR160i. MIR160f and MIR160h also contained the same mature miRNA sequence. Four members (corresponding to the At and Dt subgenomes in G. hirsutum and G. barbadense) were identified in each MIR160 subfamily, with the exception of the MIR160g subfamily. MIR160g of the At subgenome was missing in G. barbadense due to the lack of an MIR160g gene and mature miR160g sequence ( Fig. 2a) . These results revealed that the precursors of MIR160 in each subfamily are conserved between both species and subgenomes (Fig. S2 ).
All 18 MIR160 family members in Upland cotton were further mapped onto the 26 chromosomes of the sequenced TM-1 Upland cotton genome. After colocalizing all the MIR160 genes with FL QTLs and FL QTL hotspots on the TM-1 genome, two MIR160 genes colocalized with an FL QTL or FL QTL hotspot on two chromosomes, A05 and D05 (Fig. 2b) , and were dubbed MIR160a_A05 and MIR160f_ D05. As shown in Fig. 2b, MIR160a_A05 colocalized with an FL QTL on chromosome A05 identified in our previous study using the BIL population, and MIR160f_D05 colocalized with an FL QTL hotspot on chromosome D05.
Identification of MIR160 genes involved in fiber elongation
To identify which MIR160 gene affects mature miRNA expression in the two BILs, we attempted to measure the expression of all precursors in 10 DPA fibers using RT-PCR. However, MIR160 homologs in different subgenomes were too similar to distinguish. Thus, precursor expressions of only different subfamilies were measured. As shown in Fig. 3a , only pri-mir160a and pri-mir160h were detected in "Long" and "Short". When quantified (Fig. 3b) , the expression of pri-mir160a was much higher in "Long" than in "Short", whereas no significant difference was found for pri-mir160h. We then calculated the counts and tags per million of different mature miR160s in the small-RNA sequencing data from 10 DPA fibers. Four types of miR160 were detected (Fig. 3c ). Type I included mature miR160a to miR160e, which have the same mature miRNA sequence, and type II included miR160f and miR160h, which also share a mature miRNA sequence. Types III and IV represented mature miR160g and miR160i, respectively. The miR160 in type I was expressed at a significantly higher level than the other types. Furthermore, it was differentially expressed between "Long" and "Short", whereas the other types were not. Although the sequencing analysis could not determine which precursor yielded the type I miR160, combining these results with the RT-PCR and qRT-PCR results (Fig. 3a, b) indicated that pri-mir160a is likely the most functional precursor. This may partly explain the differential expression of miR160a (i.e., miR160 in type I) between the two BILs. There are two members in the MIR160a subfamily in both G. hirsutum and G. barbadense located on chromosomes D04 and A05 (Fig. 2a, b) . Given that MIR160a_A05 colocalized with a previously identified FL QTL, MIR160a_ A05 was selected for further analysis.
Overexpression of MIR160a_A05 promotes fiber elongation, and suppression of miR160a expression inhibits fiber elongation
We constructed the overexpression vector pCLCrV-OX-miR160a and suppression vector pCLCrV-STTM-miR160a to test whether the precursor MIR160a_A05 affects fiber elongation in "Long". As shown in Fig. 4a , the photobleaching phenotype was seen in new leaves and bolls in pCLCrV:GhPDS-infected plants, indicating that the vector was capable of affecting gene expression at least until boll maturity. The height of infected plants was similar to that of vector control plants (Fig. 4a ), but FL differed significantly. Overexpression of MIRNA160a_A05 in pCLCrV-OX-miR160a-infected plants resulted in fibers that were on average 1.8 mm longer than in vector control plants. On the other hand, suppression of the miRNA in pCLCrV-STTM-miR160a-infected plants resulted in fibers that were on average 1.0 mm shorter than in vector control plants (Fig. 4a ). Expression analysis of mature miR160a and the target gene ARF17 (CotAD_42076) using qRT-PCR revealed an approximately 40% increase of mature miR160a in 10 DPA fibers of plants infected with pCLCrV-OX-miR160a and a 55% reduction in pCLCrV-STTM-miR160a-infected plants (Fig. 4b) . As expected, the expression of ARF17 (CotAD_42076) was significantly reduced in pCLCrV-OX-miR160a-infected plants and significantly elevated in pCLCrV-STTM-miR160a plants compared with vector control plants (Fig. 4c ). Previous studies found that ARFs are transcription factors that can activate auxin-response genes including GH3 (Mallory et al. 2005) , which can decrease the cellular level of activated IAA. IAA is known to promote fiber elongation both in vivo and in vitro (Beasley and Ting 1974; Guinn and Brummett 1988; Liu et al. 2012 ). In addition, ARF17 regulates several GH3 genes in Arabidopsis, especially the group II members GH3.2, GH3.3, GH3.5, and GH.3.6 (Mallory et al. 2005; Staswick et al. 2005) . To investigate any expression differences in these genes between "Long" and "Short", we compared RNA-seq data for group II GH3 members between the two BILs. A total of nine genes was identified, including one gene annotated as GH3.2, four as GH3.3, one as GH3.5, and three as GH3.6 (Fig. 5a ). Six GH3 genes had expression trends similar to that of ARF17, with lower expression in "Long" than in "Short", especially in 10 DPA fibers. The exceptions were one GH3.3 gene (CotAD_41357), which had the opposite expression of ARF17. The single GH3.2 gene (CotAD_33008) and another GH3.3 gene (CotAD_70072) were not differentially expressed between the two BILs (Fig. 5a) .
Four of the differentially expressed GH3 genes were chosen for qRT-PCR analysis to determine expression levels in cotton plants with overexpressed or suppressed levels of miR160a. Three genes (GH3.3, GH3.5, and one GH3.6 gene) were expressed at significantly lower levels in pCLCrV-OX-miR160a-infected plants and at significantly higher levels in pCLCrV-STTM-miR160a-infected plants compared with vector control plants ( Fig. 5b-d) . The expression of the fourth gene (another GH3.6 gene) did not differ significantly among the pCLCrV-OX-miR160a-inflected plants, pCLCrV-STTM-miR160ainfected plants, and vector control plants (Fig. 5e ). This indicated that not all group II GH3 genes are regulated by ARF17. Finally, we used HPLC to measure the accumulation of active IAA in 10 DPA fibers of infected cotton plants. Compared with vector control plants, pCLCrV-OX-miR160a-infected plants had higher levels of active IAA, and pCLCrV-STTM-miR160a-infected plants had reduced levels (Fig. 6 ), indicating that altering miR160a level affects the accumulation of active IAA.
Taken together, our results indicate that the higher expression of miR160a in "Long" compared with "Short" suppresses the expression of its target gene ARF17, which in turn downregulates the expression of certain group II GH3 genes, leading to higher levels of active IAA and increased FL. Fig. 3 Expression analysis of mature miR160 and its precursors in 10 DPA Upland cotton fibers "Long" and "Short". a RT-PCR analysis of pri-miR160 precursor expression. b qRT-PCR analysis of pri-mir160a and pri-mir160h precursor expression. c Expression of mature miR160 based on sequencing data. Type I, mature miR160a-e; type II, mature miR160f and miR160h; type III, mature miR160g; type IV, and mature miR160i. The y axis represents normalized expression in tags per million (TPM). Count numbers are shown above the columns
Discussion
The MIR160 family in tetraploid cotton Previous studies identified several mature miR160 sequences in G. hirsutum and G. barbadense, but none have identified all MIR160 genes. In this study, we identified and compared the MIR160 family in both species. With the exception of GhMIR160g_A07, which did not have a homolog in G. barbadense, the MIR160 family sequences were conserved between the two species and the two (At and Dt) subgenomes. Based on mature miRNA sequences, the members were divided into four types, but only type I (which includes genes encoding miR160a) was differentially expressed. After mapping the MIR160 genes onto the TM-1 genome, two MIR160 genes were identified that colocalized with an FL QTL or QTL hotspot (MIR160a and MIR160f). However, only the precursor of MIR160a was differentially expressed between the "Long" and "Short" BILs, which is consistent with the sequencing result for miR160 in type I (miR160a). As shown in Fig. 2b , most MIR160 homologs localized on homologous chromosomes at similar locations, with the exception of MIR160a_D04 and MIR160a_A05. This result indicates that certain regions on chromosomes 4 and 5 may have been exchanged or recombined during the evolution of tetraploid cotton from its diploid progenitors.
Potential role for MIR160a in fiber elongation
Although miR160 in cotton has been shown to affect anther indehiscence at high temperature (Ding et al. 2017 ) and to affect fiber initiation (Pang et al. 2009; Wang et al. 2012) , its role in determining cotton FL has not been reported. Auxin plays an important role in the early fiber-elongation stage . IAA can affect fiber-cell elongation in cotton ovules in vitro (Beasley and Ting 1974) , and both IAA and related auxin metabolites have been detected in eight DPA fibers (Guinn and Brummett 1988) . ARF participates in the auxin metabolic pathway and plays an important role in fiber elongation (Hagen and Guilfoyle 2002) . The ARF family activates or represses the expression of auxin-responsive genes, including GH3 (Mallory In Solanum lycopersicum, ARF10 overexpression inhibits leaflet blade outgrowth and reduces cell size compared with wild type (Hendelman et al. 2012) . ARF17 is cleaved by miR160, and the cleaved ARF17 downregulates certain GH3 members in Arabidopsis (Staswick et al. 2005 ) and rice (Yang et al. 2006) . In rice, overexpression of GH3.8 suppresses expression of expansin (Ding et al. 2008 ). The function of group II GH3-encoded proteins in Arabidopsis is to conjugate IAA to amino acids (e.g., Asp and Glu), which is viewed as a commitment step in IAA catabolism. Overexpressing GH3.6 increases the accumulation of IAA-Asp and decreases the cellular IAA level (Staswick et al. 2005) . In cotton, Zhang et al. (2011) showed that expressing a bacterial IAA synthase gene in Fig. 5 Expression of GH3 members in "Long", "Short", and VIGS plants. a Heatmap analysis of group II GH3 family in 0-and 3 DPA ovules and 10 DPA fibers of "Long" and "Short". Blue, reduced expression; red, increased expression; *indicates significant differences between "Long" and "Short" 10 DPA fibers. b-e qRT-PCR analysis of transcript levels of GH3.5 (CotAD_07124), GH3.6 (CotAD_07126 and CotAD_49430), and GH3.3 (CotAD_24117) in 10 DPA fibers of VIGS and non-VIGS cotton plants. Error bars denote standard error (SE, n = 6); *P < 0.05 versus empty vector control; **P < 0.001 versus empty vector control ovules at the fiber-initiation stage increases the IAA content, fiber initiation, and lint percentage.
Consistent with these studies, our results reveal that "Long" and its longer fiber G. barbadense parent line had higher levels of pri-miR160a and mature miR160a expression, along with lower transcript levels for its target gene ARF17, compared with "Short" and the shorter fiber G. hirsutum parent line. Although other pathways may also regulate ARF17 expression, miR160a and ARF17 had clearly opposite expression trends. Moreover, most members of the group II GH3 family were also expressed at lower levels in "Long" than in "Short". Furthermore, overexpression of the precursor gene MIR160a_A05 by VIGS reduced the expression of ARF17 as well as GH3.3, GH3.5, and GH3.6, resulting in increased levels of active IAA and increased FL, whereas silencing MIR160a had the opposite effect. Therefore, our results suggest that mature miR160a (from MIR160a_A05) downregulates ARF17 expression during cotton-fiber development in "Long", resulting in lower expression of three GH3 genes, decreased the accumulation of IAA-Asp and IAA-Glu, and increased the level of free IAA, which in turn increases fiber elongation. Although this is consistent with previous studies, showing that IAA affects fiber elongation, further experiments are needed to better understand the regulatory mechanisms involved. Such experiments include generating transformed cotton plants overexpressing miR160a in "Short" or knocking down miR160a in "Long", ascertaining why ARF17 does not regulate all group II GH3 genes, examining the differences among group II GH3 gene promoters, and determining how IAA promotes fiber elongation. Nevertheless, this study demonstrates that MIR160a_A05 and its target ARF17 play important roles in determining FL in the "Long" and "Short" BILs.
Conclusions
Members of the MIR160 family were identified in G. hirsutum and G. barbadense. MIR160a_A05 (on chromosome A05) was identified as a candidate gene for partially determining cotton FL. These results provide an important foundation for further studies of the molecular-and genomic-level genetics of fiber elongation when FL genes are introduced from G. barbadense into G. hirsutum for improvement of fiber quality in cotton.
